Clustered regularly interspaced short palindromic repeats (CRISPR) and their associated genes are linked to a mechanism of acquired resistance against bacteriophages. Bacteria can integrate short stretches of phage-derived sequences (spacers) within CRISPR loci to become phage resistant. In this study, we further characterized the efficiency of CRISPR1 as a phage resistance mechanism in Streptococcus thermophilus. First, we show that CRISPR1 is distinct from previously known phage defense systems and is effective against the two main groups of S. thermophilus phages. Analyses of 30 bacteriophage-insensitive mutants of S. thermophilus indicate that the addition of one new spacer in CRISPR1 is the most frequent outcome of a phage challenge and that the iterative addition of spacers increases the overall phage resistance of the host. The added new spacers have a size of between 29 to 31 nucleotides, with 30 being by far the most frequent. Comparative analysis of 39 newly acquired spacers with the complete genomic sequences of the wild-type phages 2972, 858, and DT1 demonstrated that the newly added spacer must be identical to a region (named proto-spacer) in the phage genome to confer a phage resistance phenotype. Moreover, we found a CRISPR1-specific sequence (NNAGAAW) located downstream of the proto-spacer region that is important for the phage resistance phenotype. Finally, we show through the analyses of 20 mutant phages that virulent phages are rapidly evolving through single nucleotide mutations as well as deletions, in response to CRISPR1.
Clustered regularly interspaced short palindromic repeats (CRISPR) and their associated genes are linked to a mechanism of acquired resistance against bacteriophages. Bacteria can integrate short stretches of phage-derived sequences (spacers) within CRISPR loci to become phage resistant. In this study, we further characterized the efficiency of CRISPR1 as a phage resistance mechanism in Streptococcus thermophilus. First, we show that CRISPR1 is distinct from previously known phage defense systems and is effective against the two main groups of S. thermophilus phages. Analyses of 30 bacteriophage-insensitive mutants of S. thermophilus indicate that the addition of one new spacer in CRISPR1 is the most frequent outcome of a phage challenge and that the iterative addition of spacers increases the overall phage resistance of the host. The added new spacers have a size of between 29 to 31 nucleotides, with 30 being by far the most frequent. Comparative analysis of 39 newly acquired spacers with the complete genomic sequences of the wild-type phages 2972, 858, and DT1 demonstrated that the newly added spacer must be identical to a region (named proto-spacer) in the phage genome to confer a phage resistance phenotype. Moreover, we found a CRISPR1-specific sequence (NNAGAAW) located downstream of the proto-spacer region that is important for the phage resistance phenotype. Finally, we show through the analyses of 20 mutant phages that virulent phages are rapidly evolving through single nucleotide mutations as well as deletions, in response to CRISPR1.
Streptococcus thermophilus is one of the most industrially important lactic acid bacteria since it is widely used for the manufacture of yogurt and a number of cheeses. Several strains of this low GϩC gram-positive species are used in large-scale milk fermentations because each strain possesses its own distinctive properties that are suitable for the manufacture of an array of fermented products, each with unique organoleptic properties. The systematic use of the same S. thermophilus strains in dairy processes has been impaired by the ubiquitous presence of virulent phages. Consequently, S. thermophilus bacteriophages have been the subject of extensive research in recent years with the aim of preventing their multiplication (8, 12) .
S. thermophilus phages, like their hosts, are rather homogenous since they all belong to one polythetic species containing both temperate and virulent phages (9, 13) . S. thermophilus phages are morphologically similar to coliphage lambda and accordingly belong to the Siphoviridae family. S. thermophilus phages are currently classified into two groups based on their general DNA packaging scheme (cos or pac) and the composition of their structural proteome (27) . Seven complete genome sequences of S. thermophilus phages are publicly available, including those of the cos-type phages DT1, Sfi19, Sfi21, and 7201 and the pac-type phages O1205, Sfi11, and 2972 (28) .
Information on phage-host interactions has increased appreciably in recent years. It is well known that bacteria have a plethora of mechanisms to fight a diverse phage population (10) . Traditionally in lactic acid bacteria, natural phage defense systems are divided in four main groups, namely, the inhibition of phage adsorption, the inhibition of DNA ejection, restriction-modification systems, and abortive infection (Abi) systems (10, 24) . Globally, these mechanisms have been extensively studied in Lactococcus lactis, as well as in Escherichia coli (10) . Unfortunately, few of these natural phage resistance mechanisms have been found in S. thermophilus (35) . To cope with virulent phages and the lack of known defense mechanisms, the dairy industry has developed protocols to rapidly isolate bacteriophage-insensitive S. thermophilus mutants (BIMs) (39) . These BIMs are spontaneous, naturally occurring phage-resistant descendants that survive exposure to virulent phages. Up until recently, the mechanism responsible for this resistance was often attributed to mutations in the phage receptors (2, 15) .
The complete genome sequence of three S. thermophilus host strains is now available (4, 11, 31) . Comparative analyses of these closely related S. thermophilus strains have revealed that genetic polymorphisms primarily occur at a few hypervariable regions, including three CRISPR loci (4, 5, 22, 31) . These CRISPR loci have been found in a wide range of bacterial genomes (19, 23, 30) . They are composed of 21 to 48-bp direct DNA repeats interspersed with nonrepetitive spacers of similar length. The direct repeats are highly conserved, while the number and sequence of the spacers are diverse, even among strains of a same species. Sequence similarities between spac-ers and extrachromosomal elements such as phages and plasmids led to the hypothesis that the CRISPR loci as well as CRISPR-associated genes (cas) play a role in protecting cells from the invasion of foreign DNA (5, 20, 30, 36, 37) . In fact, it was recently demonstrated that CRISPR1/cas provides resistance against virulent phages in S. thermophilus (2) .
We recently used S. thermophilus strain DGCC7710 and the virulent pac-type phages 2972 and 858 to show that CRISPR plays a role in the development of BIMs (2) . Specifically, we found that in response to challenges with phage 858 and/or 2972, S. thermophilus DGCC7710 integrates new spacers derived from the phage genomes, generating a phage-resistant phenotype. The specificity of the resistance was determined by the identity between spacer and phage sequences (2) . While the insertion of new spacers provided significant phage resistance, a small population of phages was able to infect the BIMs. This suggested that both CRISPR locus and phage genomic regions are subject to rapid evolutionary changes (2) .
In the present study, we investigated the role of one of these CRISPR loci (CRISPR1) in phage-host interactions in S. thermophilus in greater detail. First, we demonstrated that this phage resistance mechanism is unique since it does not correspond to any known natural prokaryote antiviral barrier. Moreover, we analyzed BIMs derived from another S. thermophilus strain, namely, SMQ-301 (40) , and show that its CRISPR1 locus can provide resistance against cos-type S. thermophilus phages. Finally, the homologous spacer region in the phage genome, which we propose to name proto-spacer, was analyzed for phage mutants infecting BIMs. Some of these phages showed a direct response to CRISPR1 by either a single nucleotide mutation or a deletion, in the proto-spacer region. Interestingly, in other phage mutants, a single nucleotide mutation was found in a short region (AGAA) that is located two nucleotides downstream of the proto-spacer sequence in the phage genome.
MATERIALS AND METHODS
Bacterial strains, phages, and microbiological assays. S. thermophilus host strains and their BIM derivatives (Tables 1 and 2) were grown in M17 broth supplemented with 0.5% lactose (LM17) at 42°C. Phages were propagated in LM17 supplemented with 10 mM calcium chloride. High-titer phage lysates were obtained as described elsewhere (28) . The efficiency of plaquing (EOP) was determined by dividing the phage titer obtained by plating on a BIM by the titer obtained by plating the same phage on a sensitive host strain. Phage adsorption assays were performed as reported previously (16) . Cell survival was assayed (3) by using a multiplicity of infection (MOI) of 5. For the efficiency of center of infection (ECOI) experiments, cells in exponential-phase (i.e., an optical density (40) or with mutant phages (see below). BIMs were also obtained by challenging S. thermophilus strains with a mixture of phages 2972 and 858 at a ratio of 1:1. Briefly, 100 l of an overnight culture of S. thermophilus was used to inoculate 10 ml of LM17, which was incubated at 42°C until the optical density at 600 nm reached 0.3. Phages and calcium chloride were then added at final concentrations of 10 7 PFU/ml and 10 mM, respectively. The phage-containing culture was incubated at 42°C for 24 h and monitored for lysis. A total of 100 l of the lysed culture was then used to inoculate 10 ml of fresh LM17. The remaining lysate was centrifuged, and the pellet was transferred into another tube containing 10 ml of LM17 broth. These two cultures were incubated at 42°C for 16 h, serially diluted (1/10), and plated on LM17. The phage sensitivity of the isolated BIMs was first estimated by a spot test (33) .
Isolation and characterization of mutant phages. All phage mutants were single-plaque purified three times and propagated as previously described (34) . Twenty well-defined plaques from four BIMs were isolated and analyzed. The individual phages were propagated on the BIM used to isolate them and were designated by the name of the parental wild-type phage followed by the new spacer number in the host strain. A different letter was added to identify each distinct phage mutant. Phage DNA was isolated as described previously from 1 ml of phage lysate (34) . Restriction endonucleases (Roche Diagnostics) were used as recommended by the manufacturer. When necessary, restricted phage DNA samples were heated for 10 min at 70°C to prevent cohesive end ligation. The DNA fragments were separated on 0.8% agarose gels in 1ϫ TAE buffer and UV visualized after staining with ethidium bromide.
DNA sequencing of the 858 phage genome. Genomic DNA of virulent phage 858 was isolated by using Qiagen Lambda Maxi kit with previously described modifications (14) . The primers used to sequence the genome of virulent phage 2972 (28) were used to begin sequencing the genome of the closely related phage 858, using isolated phage DNA as a template. New primers were designed from the nucleotide sequence, and primer walking on the two DNA strands was used to complete the sequencing of the genome. An ABI Prism 3700 at the genomic platform of the Centre Hospitalier de l'Université Laval was used for the sequencing. ORF Finder (http://www.ncbi.nlm.nih.gov/gorf/gorf.html) and GeneMark.hmm (http://opal.biology.gatech.edu/GeneMark/gmhmm2_prok.cgi) were used for DNA sequence searches (29) . PSI-BLAST and Advanced BLAST Search 2.1 were also used for sequence comparisons (http://www.ncbi.nlm.nih .gov/BLAST) (1). Only the best match is presented.
Sequencing the CRISPR1 locus in S. thermophilus strains and the protospacer region in the phage genomes. The CRISPR1 locus of the BIMs (including repeats and spacers) and the proto-spacer region in the phage genomes were sequenced from PCR products. Total bacterial DNA was prepared as described previously (21) . Computer-assisted DNA analyses of the CRISPR loci were performed by using the Staden Package (38) (http://staden.sourceforge.net/), CLUSTALW (http://www.ebi.ac.uk/clustalw/), and DNA Display (http://www .mrgtech.ca/DNA).
Nucleotide sequence accession numbers. The complete genomic sequences of the wild-type phages analyzed here are available under the indicated GenBank accession numbers: DT1 (AF085222), 2972 (AY699705), and 858 (EF529515).
RESULTS
Characterization of the phage resistance system. Phage resistance mechanisms are typically characterized by using a series of microbiological assays to determine their general mode of action. , and thus it has acquired a second spacer after a second phage challenge.
Phage adsorption assays showed that phage 2972 adsorbed at the same level (90%) to phage-sensitive and phage-resistant strains ( Table 3 ), indicating that the addition of a new spacer in CRISPR1 did not prevent phage adsorption. The isolation of second generation of CRISPR BIMs through the addition of new spacers (originating from the phage genome) precludes that this defense mechanism prevents the ejection of the phage DNA into the cell. Ruling out restriction-modification systems was the isolation of two mutants of phage 2972 from DGCC7710 858 ϩS3 or DGCC7710 2972 ϩS4 (at a frequency of 10 Ϫ5 ) that propagate on their respective BIM hosts and wildtype DGCC7710 with equal efficiency (EOP ϭ 1.0), even after passage through DGCC7710 (data not shown). One characteristic feature of Abi mechanisms is the high cell mortality following the abortion of phage infection (10) . Cell survival assays showed that between 64 to 73% of the phage-resistant S. thermophilus strains survive the phage infection (Table 3) , indicating that CRISPR1 is not an Abi mechanism (10). Interestingly, some infected cells still released virions (Table 3) . The burst size, however, was significantly reduced, decreasing from 190 new phages per sensitive host cell (DGCC7710) to between 6 and 28 new virions, depending on the infected BIM strain (Table 3) . Of note, the phage latency period was similar in the sensitive and first-generation BIMs (between 39 to 44 min at 42°C) but longer in the second-generation BIM (Table 3) . Collectively, these results indicate that CRISPR1 is indeed a novel phage resistance system.
Iterative addition of spacers. It has been shown that the addition of a new spacer in the CRISPR1 locus can increase the phage resistance of a particular strain (2) . However, the replication of a small number of phages still occurs (Table 3) . It has also been reported that the random acquisition of multiple spacers (up to 4) after only one phage challenge can lead to increased phage resistance (2) . We wanted to determine whether successive phage challenges and the subsequent iterative addition of spacers could lead to even greater phage protection.
For these experiments, we used S. thermophilus DGCC7710 derivatives that are still sensitive to virulent phage 2972 or virulent phage 858. We selected S. thermophilus DGCC7710 2972 ϩS4 obtained after a challenge with phage 2972 (but still sensitive to 858) and S. thermophilus DGCC7710 858 ϩS1S2 obtained after a challenge with phage 858 (but still sensitive to 2972) (2) . Both BIMs were infected with the appropriate virulent phage (DGCC7710 2972 ϩS4 with 858 and DGCC7710 858 ϩS1S2 with 2972) using the BIM isolation procedure previously described. For each challenge, several new BIMs were obtained, and three were selected for further characterization. In all cases, one or two new spacers were acquired at the leader end of the CRISPR1 locus (Table   1) , which provided resistance to the second phage (Table 4) . Interestingly, the EOP of the phage 2972 was decreased with the addition of a second spacer identical to the phage 2972 in the strain DGCC7710 2972 ϩS4858ϩS32 , indicating that accumulating spacers can increase the overall phage resistance of the host (Table 4) .
Moreover, S. thermophilus DGCC7710 2972 ϩS6 , a BIM resistant to both wild-type phages 2972 and 858 (Table 1) , was challenged with a mutant phage (2972.S6B, Fig. 2 ) that is capable of bypassing the CRISPR1-mediated resistance due to a single nucleotide mutation in the S6 targeted region of its genome (see below). Three new BIMs that were resistant to phage 2972.S6B were obtained and their CRISPR1 loci analyzed. These second-generation BIMs had also acquired a new and unique spacer at the leader end of their CRISPR1 (Table 1) . Subsequently, a second-generation BIM (DGCC 7710 2972 ϩS62972.S6BϩS20 ) was challenged with another phage mutant (2972.S20A), resulting in a set of third-generation BIMs. Seven distinct third-generation BIMs were obtained, each of them had acquired one or two new spacers at the leader end of CRISPR1 (Table 1 and Fig. 1B) . Taken altogether, these data clearly indicate that iterative addition of spacers is possible, resulting in increased phage resistance of these isogenic S. thermophilus strains. It also confirms that CRISPR loci, as well as phages, rapidly change in response to each other.
CRISPR1 analysis of another phage-host system in S. thermophilus. Until now (see above and reference 2), the study of S. thermophilus CRISPR1 was performed with a single host and two phages, i.e., S. thermophilus DGCC7710 and virulent pac-type phages 2972 and 858 (and their phage mutants). To determine whether the main conclusions described above apply to another S. thermophilus phage-host system, we isolated BIMs from S. thermophilus SMQ-301 challenged with the virulent cos-type phage DT1 (40), one of the best-characterized cos-type phages in S. thermophilus (15, 16, 17, 26) . The analysis of the CRISPR1 locus of wild-type phage-sensitive strain S. thermophilus SMQ-301 revealed the presence of 16 unique spacers, half the number found in DGCC7710. It should be noted that the spacers of SMQ-301 are distinct from those in DGCC7710 (22) . It was previously reported that BIMs from S. thermophilus SMQ-301 are difficult to obtain (15); however, using the improved protocol described here, four BIMs resistant to DT1 were obtained and analyzed (Table 2 and Fig. 1C) . In all cases, one to three additional spacers derived from the genome of DT1 were inserted into the CRISPR1 locus (Table  5 and Fig. 3 ). These findings confirm that CRISPR-mediated phage resistance can protect S. thermophilus against representatives of the two main groups of phages and that it operates through a general mechanism of action. Analysis of the newly acquired spacers in the CRISPR1 locus of S. thermophilus BIMs. The spacer content of 26 BIMs derived from strain S. thermophilus DGCC7710 (generated in the present study and previously described [2] ), as well as of the 4 BIMs from S. thermophilus SMQ-301, was analyzed (Table 1 and Fig. 1 ). Of the 30 analyzed BIMs, 21 had acquired a single new spacer, seven had acquired two new spacers, one had acquired three new spacers, and one had acquired four new spacers. Thus, the addition of a single new spacer in CRISPR1 appeared to be a common outcome of a phage challenge.
The original 32 spacers in DGCC7710 were conserved in all but one first-generation BIM, namely, S. thermophilus DGCC7710 2972 ϩS15 . Interestingly, this BIM had acquired a new spacer at the leader end but lost the first 17 spacers present in wild-type strain S. thermophilus DGCC7710. Moreover, two of the four BIMs of SMQ-301 had also lost seven of the original spacers (spacers 4 through 10), suggesting that spacer deletion may occur concomitantly with the addition of new spacers (Table 2 and Fig. 1C ).
All 30 analyzed BIMs acquired at least one new spacer at the leader end of CRISPR1. Surprisingly, in two BIMs of SMQ-301, a second new spacer was also added after the third original spacer. Of note, these two BIMs were also the ones that had lost seven of the original spacers. Thus, the addition of new spacers is clearly polarized toward one end of the CRISPR1 locus, and the acquisition of new spacers within CRISPR1 is also possible, albeit rare.
A total of 33 new spacers were acquired by the 26 BIMs derived from S. thermophilus DGCC7710 challenged with virulent phage 2972 or 858. In addition, six distinct spacers were acquired by the four BIMs of S. thermophilus SMQ-301 that was challenged with phage DT1. Analysis of these 39 new spacers showed that 32 of them were 30 nucleotides long (Table 5). Five spacers were 29 nucleotides long, while the remaining two spacers were 31 nucleotides long. Evidently, the addition of a 30-nucleotide-long spacer is the most frequent event, in agreement with the observation that the vast majority of CRISPR1 spacers have a 30-bp length (22) .
Comparison of the 39 new spacers with three S. thermophilus phage genomes. To compare the newly acquired spacers with the genomic regions of the corresponding phages used in the challenge experiments, the complete genome of virulent phage 858 was sequenced ( Table 6 ). The genomes of phages 2972 and DT1 were previously determined (28, 40) . The annotation of phage 858 genome is presented in Table 6 . As expected, it is highly related to other pac-type phages of S. thermophilus (28 Using the complete genomic sequences of phages 858, 2972, and DT1, we performed comparative analyses with the 39 newly added spacers found in the 30 analyzed S. thermophilus BIMs. The nucleotide sequence of 37 spacers out of 39 was 100% identical to a specific region found in the genome of at least one wild-type phage used in the challenge experiments (Table 5 and Fig. 3A) . Spacers S2 and S26 had one mismatch with the proto-spacer in the phage genomes (Table 5) . However, the BIMs containing these two mismatched spacers had also acquired other spacers that were identical to a phage genomic region.
Further analyses of the phage genomes indicated that all 39 new spacers analyzed in the present study correspond to a predicted coding region. Moreover, the spacer sequences covered all phage modules as well as both strands. However, the new spacers originated most often from the coding strand than the noncoding strand (28 of 39 spacers from the coding strand [71.7%]), and about half of them were localized in the early expressed region of the phage genome (22 of 39 spacers [56.4%]), although this latter region corresponded to only 27 to 31% of the phage genome (17) ( Table 5 and Fig. 3A) . Interestingly, some spacers (S30, S36, and S37) were independently acquired by two BIM strains (Table 1) .
Comparative analyses of the regions flanking the proto-spacers in the phage genomes led to the identification of a specific sequence that was always located two nucleotides (NN) downstream from the proto-spacers (Table 5 ). This CRISPR1-specific sequence corresponds to the motif described recently (22) . In fact, 34 of the 39 proto-spacers had the 3Ј-flanking AGAAW motif. The other five proto-spacers (corresponding to spacers S2, S11, S13, S35, and S38) had one mismatched nucleotide in the AGAAW motif. However, these five spacers were found in BIMs that had acquired multiple spacers after the phage challenge. To determine whether the strand and temporal expression biases noted above could be explained by the presence of the AGAAW motif, the distribution of this conserved sequence was analyzed in the genome of the three phages 2972, 858, and DT1 (Fig. 3B) . The AGAAW motif was found almost three times more frequently on the coding strand than on the noncoding strand, with average values for the three S. thermophilus phages of 5.0 AGAAW/kb on the coding strand and 1.7 AGAAW/kb on the noncoding strand. These results suggest that spacer acquisition may not be random and that there may be a limited number of proto-spacers to be included in CRISPR1. On the other hand, between 36 and 40% of these motifs were found in the early expressed modules, while 56.4% of the acquired spacers correspond to this region. Thus, the proportion of the AGAAW motifs in the different transcription modules cannot totally explain the observed bias for the early expressed region.
Phage response to the acquisition of a new spacer. As indicated elsewhere (2), phage mutants capable of infecting newly generated BIMs can be isolated under laboratory conditions. The characterization of phage mutants obtained through the selective pressure of resistance systems is particularly useful, since it has previously led to a better understanding of novel phage defense mechanisms (6, 25, 41) . Using a similar ap- ϩS62972.S6BϩS20 (1 mutant of 2972) were further characterized (Fig. 2) . All of the phage mutants had the same restriction profiles as the wild-type phages (data not shown). The proto-spacers, as well as their flanking regions (approximately 100 pb upstream and downstream), were sequenced in the mutants. Four distinct types of mutations were observed in these mutants: (i) a single-nucleotide mutation directly within the proto-spacer (8 of 20 mutant phages), (ii) a two-nucleotide mutation directly in the proto-spacer (3 of 20 mutant phages), (iii) a single nucleotide mutation in the AGAA flanking sequence (7 of 20 mutant phages), and (iv) a deletion in the proto-spacer (2 of 20 mutant phages).
In 14 cases where a nucleotide mutation occurred, the deduced amino acid was changed. These mutations had apparently no effect (besides enabling infection of the BIM) on the completion of the phage lytic cycle. In 6 other cases, the amino acid was not changed, but this silent mutation generated a change of codon. Again, these mutations did not prevent the (Table 6) . No putative function could be assigned to either ORF42 (57 amino acids) or ORF43 (51 amino acids) (Table 6 ). Interestingly, the deletion led to the formation of an ORF42-ORF43 fusion product, but no function could be assigned to the deduced fusion protein (83 amino acids). Phage mutant 2972.S6D had a one-base deletion, which led to a frameshift and, consequently, the presence of several stop codons in the ORF44 sequence for which no putative function could been assigned (Table 6 ). Taken altogether, these data confirm that a newly added spacer must be identical to the proto-spacer to be fully effective and that the CRISPR1-specific sequence (NNAGAAW) is also important for the phage resistance phenotype.
DISCUSSION
The remarkable diversity and metabolic capabilities of bacteria allow them to grow and prosper in every ecosystem where life forms have been found (18) . Similarly, bacteriophages are present in these same ecosystems, including manufactured ecological niches such as food fermentation vats. It is now believed that phages represent the most abundant biological entities on the planet (7). Thus, it is not surprising to observe that bacteria have devised a number of strategies to defend against these prolific invaders. CRISPRs and their associated cas genes constitute the latest defense mechanism unveiled in prokaryotes (2) .
In the present study, we show that CRISPR-mediated phage resistance is indeed a novel antiphage system since its general mode of action is distinct from the previously known systems. Our results also demonstrate that CRISPR-mediated phage resistance protects S. thermophilus against the two main groups of phage known to infect this bacterial species. Thus, this antiphage system is exceptionally broad and effective. This wide-ranging efficacy against phages is in agreement with the fact that CRISPRs have been found in a wide range of bacterial genomes (19, 22, 30) .
The isolation and characterization of BIMs obtained through iterative phage challenges have revealed that one spacer will typically be added to the CRISPR1 locus. However, multiple spacers can also be acquired by CRISPR1, providing enhanced resistance to phages. The iterative addition of spacers is particularly interesting and separates the CRISPR-mediated phage resistance from other natural antiphage defense systems. With the other four systems (adsorption inhibition, DNA ejection inhibition, restriction-modification systems, and Abi), it is not possible to generate new phage-resistant derivatives (when phage mutants have emerged) without any fitness cost to the host at each generation. In contrast, CRISPRmediated phage resistance allows the acquisition of a new spacer specific to the phage mutants without an obvious fitness cost associated with it. Thus, it is possible to create multiresistant S. thermophilus strains by successive challenges using different phages.
Because new spacers were almost always inserted at the leader end of the CRISPR1 locus, it is tempting to hypothesize that spacer position could serve as a memory of previous phage encounters by a strain. Although this may be true for many BIMs, spacer deletion did occur in some of the BIMs. Thus, this presumed historical perspective, albeit interesting, may be of limited value in some cases. Similarly, the reason for the prevalence of new spacer acquisitions at the leader end of the repeat arrays is unknown, although a putative role of the leader could explain this phenomenon. Nonetheless, it is worth mentioning that when spacer deletion was observed in a BIM, a new spacer always occurred in the vicinity of the deleted region. It is possible that the spacer deletion occurs by homologous recombination between CRISPR direct repeats.
A key feature in CRISPR-mediated phage resistance is that the newly acquired spacer (between 29 and 31 nucleotides in size) must be identical to the phage genomic sequence to provide resistance. Only 2 of the newly acquired spacers (of 39) described here were not identical (one mismatch) to a known phage sequence. However, these two spacers were found in BIMs that had acquired more than one spacer, and the other associated spacers had a perfect match to a phage genomic sequence. Moreover, most of the analyzed phage mutants that were able to infect these BIMs had a mutation in the protospacer. Interestingly, 7 of the 20 mutated phages analyzed had no mutation in the proto-spacer but had a mutation in the AGAA flanking sequence. This sequence appears to play a critical role in CRISPR1-mediated phage resistance in S. thermophilus because a mutation within this sequence allows the phage to escape the CRISPR1-mediated resistance. This strongly suggests that CRISPR1 and/or the cas-associated proteins may be involved in a nucleotide recognition mechanism. The importance of the NNAGAAW motif was recently confirmed by their presence in proto-spacer region corresponding to the CRISPR1 spacers from several different S. thermophilus strains (22) .
All of the phage genomic sequences matching the acquired spacers in the S. thermophilus BIMs were found in a coding region, and the coding strand was three times more frequently targeted. We believe that the frequency of the NNAGAAW motif in the phage genome (2.9 on the coding strand for 1 on the noncoding strand) is responsible for this bias. In addition, early transcribed modules of the phage genome appear to be more frequently targeted for the acquisition of new CRISPR1 spacers. It has been previously hypothesized that CRISPR may play a role in an RNA interference system (30) . Thus, it is tempting to speculate that the early transcribed phage mRNAs would be a preferential target for a mechanism such as RNA interference. Rapidly silencing the phage infection may allow the cell to recover thereby, increasing cell survival.
The acquisition of a spacer from a coding sequence also suggests that the targeted gene is important for phage development. However, this observation is debatable as most of the phage genome (89.6% for DT1 and 93.8% for 2972) is coding. Furthermore, phage mutants were still able to propagate efficiently despite the apparent gene inactivation. As indicated above, it is possible that the CRISPR-mediated resistance somehow targets the mRNA. Knowing that many S. thermophilus phage genes are transcribed as part of a polycistronic mRNA (26, 42) , inactivating larger transcripts may prevent the translation of essential phage proteins.
In conclusion, the CRISPR/cas system clearly represents a novel and interesting avenue for the development of phageresistant bacterial strains for fermentation and biotechnological processes. Moreover, because of the widespread distribution of phages in various ecosystems, CRISPRs likely play a significant role in prokaryotic evolution and ecology (2) . The identification of a nucleotide motif in the phage genome that is important for the phage resistance phenotype is another clue toward the elucidation of the molecular mode of action of the CRISPR1 mechanism.
